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Abstract 
Increasing the resistance of a material against fatigue crack growth by optimizing the microstructure is one of the major tasks of 
modern materials science. Thereby grain and phase boundaries are microstructural elements which can decelerate the propagation 
rate especially of short cracks. However, in different materials cracks and grain boundaries interact differently. For instance in 
some steels the blocking effect was only found for large angle grain boundaries while small angle boundaries showed nearly no 
effect. On the other hand in nickel based superalloys a retardation of cracks was found even for small angle boundaries when the
crack was propagating in stage I. Even in front of the same grain boundary, the blocking effect varies for different cracks. To
investigate this behaviour systematically focused ion beam (FIB) initiated cracks were used. By this method of artificial crack
initiation the crack parameters like crack length and distance to the obstacle can be varied separately. Additionally special grain 
boundaries can be selected after a microstructural characterisation by electron backscatter diffraction (EBSD). Finally FIB 
tomography helps to understand the process how a crack overcomes a grain boundary. 
Keywords: short fatigue crack growth; BCS model; grain boundaries; microstructural crack propagation; focused ion beam tomography 
1. Introduction 
Short fatigue cracks commonly start to propagate in stage I on one crystallographic slip plane which is under 
normal conditions the slip plane with the highest Schmid factor. The cracks grow by the emission of dislocations in 
front of the crack tip on this slip plane (Fig.1). This is described in the model of Bilby, Cottrell and Swinden, which 
is known as the BCS model [1]. The crack propagation rate is then determined by the crack tip sliding displacement 
which can be calculated by the number of emitted dislocations. A quantitative description is given by: 
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This model can be used as long as cracks and their plastic zones are not blocked by microstructural barriers. 
When the tip of the plastic zone comes in contact with a grain boundary the dislocations can not easily cross the 
boundary and propagate in the neighbouring grain. The blocking effect is described quantitatively in the model of 
Tanaka [2] and Navarro and de Los Rios [3]. Short cracks propagate in the neighbouring grain also 
crystallographically as long as they are not longer than some times the grain size. The strongest influence of grain 
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boundaries on crack growth was found when a crack interacts with the first grain boundary. In this case even 
complete crack stop can be observed under special conditions. What determines the strength of the interaction? The 
parameters can be divided in crack parameters and grain boundary parameters. Only the later one gives a measure 
for the resistance against crack propagation of the grain boundary itself. 
          
Fig. 1. BCS model for crack propagation in stage I inside a single grain. 
Fig. 2. 3D geometry of a crack intersecting a grain boundary. The additional surface is given by the hatched area [4].
One crack parameter is the crack length which has a strong influence on the stress field at the crack tip and as 
driving force for the dislocation emission and motion. As described in the elastic and the elastic plastic fracture 
mechanics, longer cracks inhabit a higher cyclic stress intensity factor at the crack tip which is taken as a common 
damage parameter. Therefore the driving force to pass a grain boundary is higher for longer cracks. The second 
factor is the distance between crack tip and the grain boundary. To see an influence of a microstructural barrier on 
the crack propagation rate, the stress field produced by the crack must at least hit the grain boundary. However this 
parameter is not completely independent from the crack length. 
The grain boundary parameters are also divided in two parameters: One grain boundary parameter is the 
orientation difference of the adjacent grains resulting in an orientation difference of the potential slip systems. The 
second parameter which is often neglected in all descriptions and models is the inclination angle between surface 
and grain boundary. So far all models describe grain boundaries perpendicular to the surface which is not the normal 
case.
There are two different models to describe the resistance of the grain boundary against crack propagation. They 
interpret the grain boundary parameters in a different way: In the model of Tanaka which was further developed by 
Navarro and de Los Rios the resistance of a boundary is given by the orientation of the neighbouring grain and the 
potential slip planes in this grain. This is due to the BCS model where the pearls stress to move dislocations on the 
preferred slip system is the factor which determines the crack propagation rate. In the model of Tanaka, the resulting 
shear stress on the preferred slip system in the neighbouring grain changes due to the different orientation of the 
potential slip planes as introduced in the model, shown in detail in [2]. This is also needed to describe the crack 
propagation rate in front of a grain boundary quantitatively. However, the inclination angle of the grain boundary is 
not considered. But this is one of the main parameters in the second model: The model used by Zhai [4] takes also 
the slip planes in the neighbouring grain into account. But this is done in a completely different, more geometric 
way. The crack changes the slip planes while passing the grain boundary. If the active slip planes of both grains do 
not intersect directly on the grain boundary, this can only be realised by breaking the boundary as shown in Fig. 2. 
This results in an additional free surface which needs energy and this energy is the measure for the resistance of the 
grain boundary against crack propagation in this consideration. 
The focus of our work is to investigate how far the different models describe the real mechanism of crack 
retardation in front of a grain boundary. Therefore some requirements on the experimental setup must be taken into 
account:
x The cracks must propagate in stage I as described by the BCS model.  
x It must be possible to initiate cracks in front of the grain boundaries of interest.  
x All parameters which influence the interaction besides the grain boundary parameters must be excluded.  
x A three dimensional information about the geometric situation near the grain boundary is needed. 
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These conditions could be fulfilled by using modern methods of materials science like EBSD, FIB and 
tomography as described in the experimental part of this paper. However, as the results are multiple, this paper will 
shortly summarize what we found in our very detailed investigations about the interaction between crack and grain 
boundary. This will be published in a more detailed version soon. 
2. Experimental 
As the aim of our experiments is to investigate the physical mechanisms of crack propagation and their 
interaction with grain boundaries according to the BCS model, it is necessary to keep the experimental setup as near 
by the models as possible. Therefore the commonly single crystalline nickel based superalloy CMSX-4 was used in 
a polycrystalline modification with grains in the order of several millimetres till centimetres. Cracks propagate in 
this alloy in stage I on crystallographic slip planes often till failure. The preferred slip systems are 111 slip planes 
with [110] burgers vector. The J´-precipitates are small (500 nm) compared to the crack size (50 µm and more) 
investigated in our experiments and do not show any influence on the scale where the crack propagation was 
investigated. Single crystalline specimens were used to get reference data for the non disturbed crack propagation.  
To characterize the type of the grain boundaries as small angle grain boundary or high angle grain boundary and 
to measure the orientation of the neighbouring grains the specimens were characterization by EBSD before initiating 
a crack. It is important, that the orientation of the slip planes in both grains is known to select the grain boundaries 
of interest. According to the model used by Zhai different grain boundaries are characterized by the potential slip 
systems which can be compatible without a large misorientation between different slip systems and such boundaries 
where the slip systems are completely incompatible. In this case there is no slip system fitting to any of the slip 
systems of the neighbouring grain. 
    
Fig. 3. By EBSD-grain orientation map of a polycrystalline specimen a grain and a boundary for the crack initiation is selected. Then a starting
notch is cut by FIB. 
Additionally for the crack initiation by FIB the preferred slip system must be known which is determined by the 
Schmid factor. The slip system with the highest Schmid factor is chosen for crack initiation. The crack shape is 
semi-circular which is comparable to the shape of natural cracks. Details can be found in [5, 6]. 
To investigate the influence of the crack parameters on the interaction cracks with different lengths or distances 
to the grain boundary were initiated in front of the same grain boundary. To investigate the influence of different 
grain boundaries on crack propagation all other parameters were kept constant. By the initiation of artificial cracks 
by FIB this can be done perfectly with an accuracy which is better than 1 µm (Fig.3). As crack parameters the length 
and distance were selected to 20-50 µm and 30-70 µm respectively.  
Fatigue tests were performed using a Schenk servohydraulic testing machine with a sinusoidal load profile and a 
frequency of 5 Hz. The stress amplitude was below the yield strength and the load ratio was -0.1. The crack 
propagation rate was measured by replica technique taking replicas after every 1000 cycles. The fatigue tests were 
done till the cracks have just passed the grain boundary. After the fatigue tests the crack paths were imaged in the 
SEM to relate the crack propagation rate with the distance between crack tip and grain boundary. Then cracks with 
different propagation behaviour were selected for a three dimensional FIB-tomography which was done by the slice 
and view technique by cutting slices with a thickness in the order of 100 nm and taking images of the side view 
surface. The resolution of the images was 2 nm. This means that even very small steps on the crack path could be 
detected.
M. Marx et al. / Procedia Engineering 2 (2010) 163–171 165
4 M. Marx et al. / Procedia Engineering 00 (2010) 000–000 
3. Results and discussion 
To check if the crack propagation behaviour is the reproducible and to create reference data for cracks without 
microstructural barriers, two cracks were initiated on a single crystalline specimen. The distance between the 
notches was 1 mm which is far enough to exclude an interaction between the cracks. The fatigue crack propagation 
behaviour of both cracks was found to be comparable qualitatively as well as quantitatively (Fig. 4a). Both cracks 
propagated on the calculated slip plane. The crack propagation rates increased monotonically with the crack length 
as expected. Scattering between the propagation rates of both cracks was low. After that the crack propagation rate 
of the artificial FIB cracks and natural cracks was found to be comparable as shown in Figure 4b. Therefore cracks 
which initiated at casting pores in single crystal specimen were compared with artificial FIB cracks also initiated in 
single crystals. The crack lengths a as function of the number of cycles N were identical. Concluding the artificial 
crack initiation by FIB notches was found to be reproducible for cracks in single crystalline nickel based superalloy 
and the artificial FIB cracks can be used to investigate the behaviour of natural cracks. Therefore by this method the 
crack propagation in stage I according to the BCS model can be investigated.  
Fig. 4a. Two cracks in a single crystal show reproducible crack growth behaviour. 
Fig. 4b. Crack propagation rate da/dN as function of the cyclic stress intensity factor 'K of a crack initiated at a notch directly on a slip plane 
compared with a natural crack initiated at a pore. 
After investigating the crack propagation without microstructural barriers, the first experiments which have also 
been shown earlier [6] were performed to investigate the interaction of the artificial FIB-cracks with different grain 
boundaries. The cracks propagated at the beginning as expected with increasing crack propagation rate. At a 
distance between 30 and 20 micrometers between crack tip and grain boundary the acceleration of the crack growth 
slowed down and later the crack propagation rate even decelerated. But then there was an important difference 
found for different cracks: One crack stopped completely at the grain boundary which was calculated as a benefit in 
life time of 30.000 cycles. Another crack only slowed down but did not stop. After these fundamental experiments, 
several samples of the superalloy CMSX-4 in the polycrystalline modification have been tested to quantify the 
influence of grain boundaries on the crack propagation and to determine the resistance of different grain boundaries 
against crack growth.  
Now the influence of the crack parameters crack length and distance between initial notch and crack tip on the 
interaction was investigated. It is important to reveal data about the crack propagation and interaction with barriers 
which are free from secondary effects like influences of the crack parameters mentioned above. However 
quantifying the strength of the interaction in relation to the crack parameters may help improving crack propagation 
resistance by optimizing the grain size. Due to the quite large grains it was possible to initiate several cracks with 
different crack parameters in front of the same grain boundary. Figure 5 shows the crack paths for two cracks in 
front of the same grain boundary whereby the first initial notch was cut at a distance of 50µm in front of the 
boundary while the second notch was cut at a distance of 30 µm. The crack path of both cracks was nearly identical 
and crystallographical on the slip plane as calculated. In the neighbouring grain there is still crystallographic crack 
growth however, there are now different slip planes involved whereby all slip planes are (111)-planes. From these 
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results the experiments of the crack growth with passing a grain boundary are supposed to be reproducible due to the 
well defined boundary conditions which include size, position and orientation of the artificial notch and crack as 
long as they are kept constant.  
Fig. 5. Crack propagation through a tilt boundary. The crack path changes several times on crystallographic slip planes. The second crack was 
initiated near the same boundary but in a smaller initial distance. Both crack paths are nearly identical. 
Now overall more than 10 cracks have been investigated whereby in all cases the crack propagation was more or 
less strongly influenced by the grain boundary: Figure 6 shows the crack propagation rates as function of the crack 
length for four cracks. In this case it should be expected that the crack propagation rate should be equal for all cracks 
because the same crack length at the same stress level results in the same stress intensity factor at every point of the 
diagrams for all cracks. However this is only true as long as there is no grain boundary ahead of the crack tip. The 
point when the grain boundary is achieved is marked by the vertical line. Both diagrams show the results of two 
cracks with the same initial crack length and notch orientation initiated in the same grain in front of the same grain 
boundary. Here the distance between the notch tip and the grain boundary was the parameter which was varied. All 
cracks slowed down while approaching the boundary whereby the cracks with the lower distance to the grain 
boundary show a higher decrease of the crack propagation rate. At the beginning of the crack propagation, when the 
crack tip is far in front of the grain boundary, the crack propagation rates are nearly comparable. The strongest 
interaction was found for the smaller cracks. There were even some cracks which showed a complete stop for 
several thousand cycles.  
Fig. 6. Crack propagation rate da/dN as function of the crack length. All cracks interact with grain boundaries: The full symbols show cracks 
which were initiated at a larger distance to the boundary. Left and right diagram show different grain boundaries, position of the grain boundaries 
is given by the vertical lines. 
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As shown in Figure 6, where except of the distance between notch and boundary all other crack parameters were 
identical, the influence of this distance is clearly visible: The crack with the lower initial distance to the grain 
boundary shows a much lower crack propagation rate in front of the boundary. After passing the boundary both 
cracks propagate with a comparable crack growth rate at the same crack length which should result in the same 
stress intensity factor as driving force. It can be concluded that with increasing initial distance between notch and 
grain boundary the maximal as well as the minimal crack propagation per cycle in front of the boundary increases. 
This means that the resistance of the boundary as barrier against crack propagation is reduced. This was expected 
due to the increasing stress intensity factors while approaching the grain boundary at a longer crack length. Finally 
cracks with a total length of less than 120 µm at the boundary stopped completely in several cases, cracks longer 
than 120 µm did not. The crack propagation rate after crossing the boundary is still slower compared to that 
measured in single crystals (Fig. 7a). If one has a look on the crack tip which is growing in the opposite direction 
where there is no grain boundary in front of the crack tip, the propagation rates of cracks in polycrystalline samples 
and single crystals are comparable (Fig.7b). 
Fig. 7a. Crack propagation rate da/dN as function of the crack length for two cracks interacting with a grain boundary (DS..) and two cracks 
growing in single crystals (SX..) 
Fig. 7b. The same cracks as shown in Figure 7a but measured at the other crack tip.  
As mentioned above, there have been some cracks observed which stopped completely in front of a grain 
boundary and other cracks which did not although the crack parameters have been the same. This behaviour is also 
known from literature. In this case the grain boundary parameters must be responsible for the strength of the 
interaction. However, this is a three dimensional problem and therefore focused ion beam tomography was 
performed to get the information about the crack path in relation to the grain boundary and the involved slip planes 
in three dimensions.  
There have been done a lot of experiments with different crack parameters in front of different grain boundaries. 
However, here the results for only two different cracks will be shown which give a clear hint on the way to identify 
the mechanisms of interaction and give a good overview how these mechanisms are working. The cracks were 
initiated with the same initial crack parameters and they grew towards different grain boundaries which were 
selected from the EBSD measurements due to their special properties concerning the orientation of the possible slip 
systems and the position of the grain boundary as follows: For both experiments grain boundaries were selected 
where all (111) planes of the adjacent grain had large misorientation angels in relation to the (111) plane of the grain 
where the cracks were initiated. This means that all possible (111) slip planes of the neighbouring grains were not 
compatible as it is shown schematically in Fig. 8. The difference between the two cracks was that in one case the 
intersecting line between the initiating slip plane and one of the possible slip planes in the adjacent grain was lying 
on the grain boundary. In the other case, there was no intersecting line between the initial slip plane and any of the 
possible slip planes in the second grain compatible with the grain boundary. Therefore this should be a good 
example for the model used by Zhai to explain the resistance of a grain boundary against crack propagation because 
the crack has to break the boundary for passing (Fig. 2). Figure 9 shows the crack lengths as function of the loading 
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cycles and the position of the grain boundary. The crack growth of both cracks was different. One crack 
(DS04GB01C02) stopped for 2000 cycles while the other crack decreased the propagation rate only. 
Fig. 8. All potential slip planes in the adjacent grain (lower right) are not compatible to the slip plane in the initial grain (upper left). 
Fig. 9. Two cracks interacting with different grain boundaries show differing behaviour.  
As it could be expected from the different crack propagation rates, the three dimensional crack situations show 
also essential differences as it can be seen in Figure 10, which shows a view from the surface of the specimen inside 
the two neighbouring grains divided by the grain boundary. The crack propagation in both initial grains is in the x—
direction, the loading axis is indicated by the arrow in the upper right part of the images. The crack was initiated in 
the grain on the upper part of the image and grew downwards. Both cracks were initiated on the slip plane with the 
highest Schmid-factor as described above. The crack path in the three dimensional view of Figure 10a bends down 
while there is no clear changing of the crack propagation direction visible in Figure 10b. Therefore one would 
expect that the crack of Figure 10a should show the stronger interaction with the grain boundary resulting in a 
stronger deceleration. However, this is not the case. Quite the contrary, the crack of Fig 10b stops in front of the 
boundary (Fig. 9, squares). 
Fig. 10a. FIB-tomography of crack DSC03GB02C01 from figure 9 with weak interaction. 
Fig. 10b. FIB-tomography of crack DSC04GB01C02 from figure 9 with strong interaction.  
Both cracks were growing in the x-direction  
To understand this antipodal behaviour the active slip planes were identified on which the cracks propagated in 
the adjacent grains. The crack of Fig 10a which only showed a weak interaction between crack and interface 
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propagated in both grains on one single (111) plane. This was the specimen where the intersecting line between both 
slip planes was lying directly on the grain boundary. Therefore this crack passed the boundary continuously without 
a need to rip off the grain boundary. Contrary to this geometrically simple case, for the crack with the blocking 
effect of the boundary the mechanism of the crack to pass the interface is different. This was the specimen with no 
intersecting line of the slip plane in the initial grain with any of the possible slip planes of the neighbouring grains 
lying in the plane of the grain boundary. Therefore due to the model used by Zhai, the grain boundary must be 
ripped off which needs an additional energy to produce free surface. However, on the first view no ripping off of the 
grain boundary was found. The crack seems to pass the boundary in a straight way. On a microscopic scale this is 
not the case. However this is an ongoing work. The results will be shown in detail elsewhere. 
Finally it should be shown here, that it is also possible from the data extracted from these investigations to 
describe the crack propagation with the model of Tanaka quantitatively. To calculate the influence of the interaction 
between crack and grain boundary on the crack propagation rate only the orientation of the slip planes in both 
grains, the initial grain and the adjacent grain is taken into account. Additionally the friction shear stress for a 
dislocation to move on the slip plane is measured from the relation between the plastic zone and the crack length. 
Now the crack propagation rate can be calculated from the crack growth data measured in a single crystal by taking 
into account the Schmid factors of the differently oriented active slip systems. This will be described in detail in a 
paper soon. However, the result is shown in Figure 11, the calculated data and the measured data fit very well. This 
has been shown for several cases.  
ȱ
Fig. 11. Comparison between the measured crack propagation rate for a crack interacting with a grain boundary and calculated crack propagation 
rate for a crack without any interaction (equilibrium slip band, ESB) and a crack propagating on the slip system indicated as PSB (propagating 
slip band).  
Conclusions 
From our systematic experiments by FIB crack initiation it can be concluded that different interaction strengths 
between cracks and different grain boundary can be found. This is indicated by a retardation of the crack growth rate 
which decreases sometimes till a complete stop for several thousand cycles. There are crack and grain boundary 
parameters which determine the strength of the interaction. The crack parameters distance between crack tip and 
grain boundary and crack length play here a central role. This can be seen as a possibility to strengthen a material 
against crack propagation by grain refinement which has to be proved. Additionally it has been shown that a two 
dimensional view of the crack path can result in a misleading interpretation of the interaction mechanisms. Here a 
three dimensional information is needed. The position of the grain boundary determines the crack transition in the 
neighbouring grain by the possibility of a steady transition at the boundary without ripping off a large boundary 
area. However, in every case investigated here the crack propagation in the neighbouring grain was slowed down 
compared to the propagation rate in the single crystalline reference.  
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